The material used for phosphoric acid heaters is in many cases graphite, despite the many advantages of choosing a metallic material. The main reasons for selecting graphite is the material's good corrosion resistance and the tradition of using graphite. The corrosiveness of phosphoric acid during the wet-process concentration is complex and is dependent on several factors such as the presence of chlorine, fluorine, and diluted sulphuric acid. Metallic materials such as Sandvik Sanicro™ 28 can be used for this process with similar or even better results than graphite. This paper refers to the advantages of using metallic heaters in phosphoric acid production. It explains the important aspects of process design to take full advantage of the benefits available with a metallic material. It also includes the recent experience with process design, fabrication and performance of a metallic heat exchanger using Sandvik Sanicro 28 which was installed in a phosphoric acid plant in Tunis.
Introduction
Metallic materials are extensively used in chemical and petrochemical plants worldwide. In phosphoric acid production plants that use the wet-process, material selection for different parts of the production plant can differ depending on the corrosion environment. A number of different materials are being used such as stainless steels, nickel alloys, plastic and graphite.
Metallic materials exhibit advantages over non-metallic, because they have superior mechanical resistance, ductility and are easier to process/fabricate. Tanks, the filter section and the concentration units are among the areas in a phosphoric acid plant where the correct choice of materials is critical.
This article presents the recent experience of utilizing Sanicro 28 stainless steel tubing on a heat exchanger evaporator used in the evaporation section of a phosphoric acid plant. A detailed comparison is provided between graphite and metallic tubes based on the experience and results.
Phosphoric acid
Pure phosphoric acid is less corrosive than, for instance, sulfuric and hydrochloric acid. Thus, standard stainless steels, such as types 316L and 317L, are suitable materials of construction for equipment in contact with pure acid. However, wet-process phosphoric acid always contains impurities which are included in the phosphate rock, feedstock for the process, and its corrosiveness is substantially affected by these substances [1] .
Phosphoric acid is a mineral acid produced worldwide from calcium phosphate ore. The ore is often referred to as phosphate rock which is rarely pure. It is often found mixed with other ores and minerals in different mixed ores containing fluorine, chlorine, bromine, and hydroxides. Sulphuric acid is added in the process and increases the acidity and thereby the corrosiveness, which can affect the passivation of the stainless steel. This effect is relatively weak, in the phosphoric evaporators, because of the low concentration of sulfuric acid (up to about 4%).
The different impurities which can be found in the phosphoric acid will affect the corrosiveness in different ways, some will promote corrosion and some substances will function as inhibitors: Chlorine will be present as chloride ions that increase the corrosiveness by inhibiting the passivation of stainless steels. Fluorine will, when present as free ions, function in a similar way to chlorides, but fluorine easily forms stable complexes with metal ions. Calcium and Sodium will contribute to deposit formation. Soluble silica will reduce the amount of free fluoride and will function as a corrosion inhibitor, but also contribute to erosion. Aluminum will reduce the amount of free fluoride and inhibit the corrosion. Iron can, when present in Fe
3+
, assist the passivation of stainless steels by increasing the corrosion potential. Magnesium can inhibit corrosion by forming stable compounds with fluorine, but will also increase the viscosity of the acid which is negative from a corrosion perspective as it can decrease the heat transfer coefficient.
Changes in corrosiveness and acid composition during different concentrations of phosphoric acid
As expected the variations in concentration and the amount of impurities will affect the corrosiveness of the wetprocess phosphoric acid. Also the temperature varies in different parts of a production plant leading to changing corrosion parameters. Figure 1 shows how these parameters change when two acids (direct from filter), containing different amounts of impurities, are concentrated [2] . The compositions of phosphates from different sources varies considerably, the typical composition ranges are presented in Table 1 . The different kinds of phosphate rocks existing worldwide vary in their chemical composition leading to distinct degrees of corrosiveness (see Table 2 ). Depending on its origin, it can lead to higher or lower corrosiveness in the production plant. 
Metallic alloys for phosphoric acid & Sanicro28
Historically, in phosphoric acid plants standard austenitic stainless steels have been used in different parts of the production process such as, piping systems, filters and pumps.
For the most severe conditions, special high-alloy stainless steels and nickel-chromium-molybdenum alloys are required [3] . Table 3 shows the composition of the stainless steels, type 316L and 317L and also some high nickelchromium alloys used in phosphoric acid plants. Several test were made, not only laboratory but also practical, and the conclusion was that in order to have a good resistance to wet-process phosphoric acid, a high chromium content is mandatory in a stainless steel. Table 4 shows the composition of advanced high performance alloys (nickel-chromium-molybdenum alloys) and the Sanicro 28, developed by Sandvik, a high-chromium alloy especially for use in this application. The effect of chromium is two-fold: it reduces markedly the corrosion rate in both the active and the passive state, which is important in practice in preventing corrosion. Molybdenum facilitates passivation as well, and does not have any marked effect in reducing the corrosion in the passive state. The same is true of copper [3] . The effect of chromium is represented in Figure 2 , which shows laboratory test results using synthetically produced acid. The presence of chloride ions has a strong negative effect in the corrosion rate of all alloys, in the case of Sanicro 28, a maximum chloride ion around 700 ppm can be tolerated without having the risk of corrosion. The combination of chloride and fluoride is illustrated in Figure 3 . Finally, Figure 4 shows the influence of temperature. An increase in temperature of 10ºC results in, approximately, a doubling of the corrosion rate; again the importance of high chromium content can be seen [3] .
Evaporators -graphite vs. metallic
When the time comes to install a new evaporator, what type of material should be used: graphite or metallic? The key factor in this important decision is corrosion resistance. Only by analyzing this factor does the answer become easy; graphite has higher corrosion resistance than any other known metallic alloy. However, it must be realized that this is not the only factor that will influence the performance. Other factors are also very important and have to be taken into careful consideration for this type of equipment such as: mechanical wear resistance, erosion-corrosion resistance, heat transfer, maintenance, etc. The most frequent system used to concentrate phosphoric acid in the wet-process is forced-circulation evaporation (see Figure 5 ). The heat exchangers used in forced-circulation evaporators are typically graphite tubes or block heat exchangers, or high alloy stainless steel tube heat exchangers. Table 5 and Figure  6 ). Extensive experience has been gained with Sanicro 28 in phosphoric acid plants worldwide since the middle of the 1970's , not only in heat exchanger evaporators but also in concentration systems, pumps and piping [4] .
As already referred to, the corrosion resistance of graphite is higher than that of stainless steels, but Sanicro 28 has proved to behave very well under the severe conditions of the phosphoric acid evaporators (steam temperatures of 120-130ºC

Recent experience with metallic heater in Sanicro 28
The most recent experience with a metallic heat exchanger in Sanicro 28 consisted of the replacement of an evaporator previously installed with graphite blocks, in Tunisia, in November 2013 (see Figure 7) . The design/engineering and manufacture of this new equipment was carried out by ATELIERS DE CHAUDRONNERIE DE MONPLAISIR (ACM) of Saint-Priest, France. Active in this industry for about 15 years ACM has extensive experience in the design and manufacture of metallic phosphoric acid heaters. The know-how and experience is absolutely crucial to ensure the lifetime of the equipment. The objective of changing to metallic tubing was to reduce the equipment's original cost, as well as the maintenance costs in order to achieve a much improved operational life time, while maintaining at least the same efficiency level. The design allowed the replacement of the graphite unit with the new metallic evaporator to be made with minimum changes in associated equipment. This meant that the existing connection flanges and pumps could be kept the same as before. Following the start-up of the new metallic equipment utilizing Sanicro 28, the efficiency has increased by approximately 10-15% compared to the previous unit using graphite blocks. 
Conclusion
Metallic heat exchangers in Sanicro 28 have many advantages over graphite. Metallic heaters are cost effective enabling easier cleaning and maintenance without the problem of the material being brittle. A design/engineering and manufacture process for an evaporator can provide several advantages such as: superior quality of construction, better compatibility, reduced risk of crevice corrosion maximizing the lifetime of the equipment and, in some cases, providing greater efficiency.
Sanicro 28 is a material grade developed for phosphoric acid applications. Over the last few years it has proven to be a very good solution for phosphoric acid heaters with several references worldwide [4] . The recent experience in Tunisia demonstrates a successful replacement of a graphite block heat exchanger with a metallic evaporator in Sanicro 28. The equipment was inspected both 4 months, and 1 year after start-up, during which the tubes, the welds and the tube sheets were all checked visually. There were no signs of corrosion at either of the two inspections (see figure 8 and 9 ).
